Laser ablation direct writing of metal nanoparticles for hydrogen and humidity sensors. by Beliatis, MJ et al.
 1
Laser Ablation Direct Writing of Metal Nanoparticles 
for Hydrogen & Humidity Sensors 
Michail J. Beliatis†, Nicholas A. Martin‡, Edward J. Leming‡, S. Ravi P. Silva†, and Simon J. Henley†* 
†Nano-Electronics centre, Advanced Technology Institute, University of Surrey, Guildford, GU2 7XH, 
United Kingdom. ‡National Physical Laboratory (NPL), Analytical Science Division, Environmental 
Monitoring Group, Hampton Road, Teddington, Middlesex, TW11 0LW, United Kingdom. 
CORRESPONDING AUTHOR EMAIL ADDRESS (s.henley@surrey.ac.uk) 
RECEIVED DATE (to be automatically inserted after your manuscript is accepted if required 
according to the journal that you are submitting your paper to) 
ABSTRACT A UV pulsed laser writing technique to fabricate metal nanoparticle patterns on low-cost 
substrates is demonstrated. We use this process to directly write nano-particle gas sensors, which 
operate via quantum tunnelling of electrons at room temperature across the device. The advantages of 
this method are: no lithography requirements, high precision nanoparticle placement and room 
temperature processing in atmospheric conditions. Palladium based nanoparticle sensors are tested for 
the detection of water vapour and Hydrogen within controlled environmental chambers. The electrical 
conduction mechanism responsible for the very high sensitivity of the devices is discussed with regard 
to the inter-particle capacitance and the tunnelling resistance.  
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INTRODUCTION 
Metal nanoparticle thin films (MNFs) have been intensively investigated for use in gas sensing 
devices due to their unique physical and chemical properties1-3. It has been demonstrated that the 
conduction of MNFs is controlled by quantum electron tunnelling effects3-7. Theoretical studies of 
MNFs have reported that metal nanoclusters can act as reactive sites to target specific gas molecules8-13. 
Systematic routes that enables one to alter the electron tunneling rate allows for the exploitation of these 
structures as chemical gas sensors8, 14-16. In contrast to Laser Induced Forward Transfer (LIFT)17, 18 and 
other deposition methods, laser annealing of thin metal films (MFs) was shown to yield uniform 
localized MNFs directly on substrate surfaces19-21, suitable for industrial mass production. 
We present here the fabrication of robust vapour nanosensors made only by laser processing, on low 
cost substrates, under ambient atmospheric conditions. Sensors based on Pd metal nanoparticles (NPs) 
where fabricated and tested. We also discuss their device response which enables the specific targeting 
of molecules.  
RESULTS AND DISCUSSIONS 
When a thin metal film is irradiated locally at high enough laser fluence, such as from a focused 
excimer laser pulse, ablation of the metal can occur. In the presence of a dense background gas the 
evaporated metal atoms collide with gas molecules and the ablation plume is strongly confined near the 
surface of the film. Under these strongly confined conditions, the metal atoms are rapidly thermalized 
and a significant back deposition of metal atoms onto the substrate can occur as shown schematically in 
Figure 1. The synthesis concept is similar to those described elsewhere19, 22, 23 allowing nanocluster 
formation in the area where the laser beam passes.  
The laser patterning process was applied to corning glass substrates sputter-coated with 15 nm thick 
Pd film. The process created an isolated path and two isolated metal electrodes (Figure 2a). The 
interdigitated metallic electrodes have 20 fingers with a 20 µm gap in between. 
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To verify the existence of NPs in the fabricated path an Atomic Force Microscope (AFM) from 
Digital Instruments (Nanoscope IV, Dimention 3100) was used to map the nanostructures between the 
electrodes (Figure 2b). It can be observed clearly that isolated spherical shaped metallic structures were 
synthesized during the fabrication process. The NPs are precisely located within the gap and their 
diameters range from between 2 and 12 nm. 
Networks of metal NPs between two close interdigitated electrodes exhibit interesting electrical 
behaviour. Although the metal nanoparticles are clearly separated, current flow can be observed. Recent 
studies have shown that the electron transport in such a network is due to tunnelling effects between 
nanoparticles24. A voltage across the electrodes charges the NPs, enabling a rise to the electrostatic 
field. The Coulomb forces between the charged nanospheres initiates electron transport25.  
At room temperatures the activation energy Ea to initiate a tunnelling event is given by Equation (1)26, 
27. 
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Where, ε* and ε0 are the dielectric constants of the medium between spheres and vacuum respectively, 
r is the particle radius, e is the particle charge, and s the spacing between the surface of two particles. 
Hence, the conductivity σ for this structure can be modelled according to the following equation28-30: 
   TkEs Baee            (2) 
Where, β is the electronic coupling coefficient between nanoparticles, kB is the Boltzmann constant 
and T the temperature of the system in Kelvin. 
Based on Equation (1) the dielectric value of the surrounding medium around the NPs, directly affects 
the electron tunnelling between the electrodes and the metal nanoparticle array. Thus, by changing the 
dielectric value of the surrounding medium a substantial change in the flowing current should occur 
modifying the resistance R of the sensor. 
The response and the overall resistance of the Pd nanoparticle based sensor which is connected in 
parallel with a 271 KΩ trimmer resistor is presented in Figure 3a as a function of relative humidity 
 4
(RH). The parallel resistor was used as a compensation mechanism to allow electrical readings at low 
RH levels, where the actual resistance of the sensor increased to the GΩ range. The relative humidity 
was varied in six defined steps between 90 % and 40 %. The response and recovery time of the sensor 
was faster than it takes the humidity (~78 sec) to change in the chamber. The response of the sensor was 
defined as the ratio of the resistance change31: 
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Where, R0 and R(t) is the initial resistance value at 90 % RH and the resistance after exposure at a 
different RH level, respectively. 
Based on the recorded data the resistivity of the sensor decreased exponentially with exposure to high 
levels of RH. This response corresponds well with the exponential nature of Equation (2) as expected, 
since water vapour alters the dielectric constant of the air which affects the activation energy Ea.  
From equation (2) the conductivity in a system where tunnelling is dominating it should increase with 
temperature. To confirm that tunnelling is the dominant conduction mechanism, rather than contact-
limited effects, the resistance of a device was measured as a function of temperature in atmospheric air.  
A decrease of the resistance with temperature rice was observed, suggesting that tunnelling was indeed 
the dominant mechanism (see the online supporting material for more details). 
The low power demand (µW) due to quantum tunnelling, potentially makes the sensor promising for 
portable metrology applications. Figure 3b shows the repeatability of that sensor for water vapour. The 
non-porous materials, glass substrate and metal NPs minimize water molecule retention thereby 
delivering a rapid recovery time. The NPs network also provides suitable structures for interaction with, 
water molecules leading to faster response. These two factors explain the impressive response and 
recovery time for the sensors observed during the tests. The spikes recorded in the response are not 
noise but are due real fluctuations in the RH in the environmental chamber (caused by the humidity 
control system attempting to maintain a fixed RH), which were detectable by the sensor and highlight 
the usefulness of this device for rapid, sensitive measurements. 
 5
In general, the conduction between two nanoparticles can be modelled as a parallel combination of a 
resistance and a capacitance, an RC equivalent circuit3, 4. Hence, the devices fabricated here could be 
considered as large networks of RC components between the interdigitated electrodes. The capacitance 
for two parallel plates with area A and separation distance d is given by: 
d
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          (4) 
Therefore, introducing humidity changes the dielectric constant of the environment and alters the 
overall capacitance between the electrodes.  The typical values of relative permittivity are 1.0006 and 
1.0010 for dry air and for saturated wet air32 respectively. Therefore, the maximum change in 
capacitance should be 0.0399%. 
The results of capacitance response as a function of RH at 20 °C are presented in Figure 4. The 
response was defined from Equation (3) replacing the resistance with capacitance. Initially, the sensor 
was subjected to 40 % RH and allowed to stabilize. Then the humidity was increased in 10 % RH 
increments. The time for each step change was kept at 10 min. The response time was again very fast 
allowing the device to follow the small ripples in RH produced by the humidity control unit. It can be 
seen that the capacitance of the NPs based sensor increase logarithmically with increasing relative 
humidity.  The capacitance at 40 % RH is about 1.52 x 10-11 F increasing to 7.45 x 10-9 F at 90 % RH, 
changing in total by two orders of magnitude. The sensitivity factor Sf as stated in 33,  
490/ %90%40  CCS f is higher than other capacitive RH sensors (Sf  = 0.91)34. However, before 
attributing this high sensitivity to the change in capacitance alone, it is important to consider the nature 
of the measurement.  The Keithley 595 meter is measuring the charge transferred over a time of period 
into the capacitor on every measurement cycle.  The variation of the device leakage current with water 
vapour indicates that the RH affects directly the resistance of the network. Therefore, the high 
sensitivity is not due solely to change in ε* modifying the capacitance but to variation of the total 
effective impedance of the NP network. It should also be noted that a large network of parallel/series 
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capacitors can be sensitive to small changes in local capacitance amplifying the overall effect. 
Essentially, the devices show a large change in the RC time constant on exposure. 
An important factor in sensors is the ability to sense multiple gases with the same device structure, 
provided that there are no cross interferences. Each gas has a different dielectric constant, and therefore 
introducing a gas into the surrounding medium will alter the resistance of that sensor due to changes in 
the electron tunnelling rate between metal NPs. In addition, if the gas reacts with the metal, further 
modification to the conductivity can occur. Figure 5 show the actual resistance response of a Pd based 
sensor when hydrogen was introduced into the chamber. Hydrogen is a potential fuel for future portable 
fuel cells, and therefore its monitoring with a portable low cost sensor would be of real benefit to any 
potential build-up of explosive atmospheres. The response and recovery time were limited to 200 sec 
and 100 sec respectively. A resistance decrease from 8.06 x 107 Ω to 3.47 x 107 Ω was recorded, when 
hydrogen (<4%) was mixed with atmospheric air and introduced into the chamber. The measurements 
were performed under atmospheric pressure conditions at 25°C. Each time the H2 gas was applied, a 
gradual saturation in the response occurred decreasing the response time from about 100 sec initially to 
35 sec. The catalytic function of Pd on H2 allows two processes to occur simultaneously. Pd 
nanoparticles extract electrons from the hydrogen atoms35, 36 leading to an increase in the tunnelling 
current. In addition, H2 molecules react with atmospheric O2 atoms creating molecules of H2O37, where, 
they alter the dielectric constant of the environment decreasing further the sensor’s resistance. 
Furthermore, Pd can react with H2 producing a coating of palladium-hydride around the NPs. This 
increases the diameter of NPs and changes their electronic band structure affecting the electron 
tunnelling rate. Based on our results the poisoning effect from the reaction of H2 with Pd is low. This 
allows the sensor to be exposed repeatedly in H2 and give the same response. This behaviour 
demonstrates that sensors based on MNFs can be used for multiple gas sensing, and smart devices made 
inexpensively over large areas. 
CONCLUSIONS 
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It has been shown that it is possible to fabricate nanoparticles in ambient atmospheres using only laser 
writing without the requirement for lithography. This technique was employed to create suitable 
patterns to fabricate robust nanosensors on low cost substrates. Crucial factors for the successful 
patterning and metal NP formation are the initial metal thickness, laser fluence, and the low wet-ability 
of the substrate by the selected metal. Two types of measurements were performed, using capacitance 
and resistance to record the response of the sensors. The localized RC equivalent circuits formed by Pd 
nanoparticles between the electrodes, significantly improve the capacitance response of the sensor when 
compared with a conventional capacitive sensor. The results indicate that the change in the environment 
dielectric constant with water molecules results in different tunnelling current rates affecting the 
resistance. Additionally, the donated electrons from H2 at Pd particles enhance the tunnelling current. 
These results demonstrate the possibility of fabricating low cost multiple gas sensing devices by careful 
selection of the NP materials and their potential use in portable metrology applications. 
METHODS 
Corning glass substrates were cleaned with acetone and ultrasonicated for 30 min. After this process 
the substrates were dried in nitrogen and then coated with 15 nm of Pd using a JLS (MPS 500) sputter 
deposition system.  The background pressure in the chamber prior to the deposition was 1.2 x 10-6 Torr. 
Argon (Ar) was used as the sputtering gas under a pressure of 3.5 mTorr and flow rate of 25 sccm.  
A Lambda-Physik LPX 210i excimer laser, with 248 nm beam wavelength and 25 nanosecond pulse 
duration was employed for the ablation. The samples were mounted on an X-Y translation stage, and the 
laser radiation was focused down to a circular spot with a diameter of 20 µm and a fluence of about 1 J 
cm-2. The beam was used to write interdigitated patterns onto the samples. The laser repetition rate was 
set to 20 Hz and the movement speed for the X-Y translation stage at 10 mm min-1. The laser writing 
process formed two interdigitated metal electrodes on the substrate separated by a path filled with 
isolated metal NPs (Figure 2). The sensor characterization experiments were carried out on metal 
nanoparticle sensor devices, which were connected to a measurement circuit using copper wires, as 
shown in Figure 2a. 
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The sensors were deployed in the National Physical Laboratory’s environmental testing facilities 
within a Sanyo 8263 environmental chamber maintained, in this case, at a temperature of 20 °C. The 
devices were exposed to water vapour at levels of relative humidity ranging from 40 % to 90 %. A 
calibrated temperature and humidity meter (Hydrolog sensor Model: NT3-D-CL) was used to monitor 
the RH.  
A specialized chamber developed in-house was also used to expose the sensors to hydrogen-air 
mixtures at atmospheric pressure. During this hydrogen exposure test the H2 concentration was 
nominally 4 %. 
A computer controlled Keithley 2425 source meter and a Keithley 595 quasi-static, meter were 
employed to measure and record the changes in resistance and capacitance response signals produced on 
exposure to the gases. 
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FIGURE CAPTIONS  
Figure 1 Plasma formation from laser ablation of thin metal film and air barrier for metal nanoparticle 
back deposition. 
Figure 2 a) Sensor’s fabricated pattern and electrical configuration for response measurements and b) 
An AFM image showing the distribution of these Pd nanoparticles in the laser written track. 
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Figure 3 a) Resistance and response of Pd nanoparticle based sensor for different humidity levels, and 
b) data showing the variation over many cycles. 
Figure 4 Capacitance response of Pd nanoparticle based sensors for different levels of humidity. 
Figure 5 Recorded resistance (no parallel resistor) response of Pd based sensors under hydrogen 
exposure.  
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SYNOPSIS TOC Using an excimer laser to ablate a thin Pd film on silica glass, interdigitated patterns 
are successfully created. The patterns are filled with Pd nanoparticles self-assembled during the laser 
ablation process. Furthermore, when the structures are exposed to water vapor and hydrogen their 
electrical characteristics are altered indicating their suitability for gas sensing portable applications. 
 
